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We have observed photon-assisted Cooper-pair tunneling in an atomic-scale Josephson junction formed be-
tween a superconducting Nb tip and a superconducting Nb sample in a scanning tunneling microscope (STM)
at 30 mK. High-resolution tunneling spectroscopy data show a zero-bias conduction peak and other sharp
sub-gap peaks from coupling of the STM junction to resonances in the electromagnetic environment. The
sub-gap peaks respond to incident microwave radiation by splitting into multiple peaks with the position and
height depending on the frequency and amplitude of the microwaves. The inter-peak spacing shows that the
charge carriers are Cooper pairs, rather than quasiparticles, and the power dependence reveals that the cur-
rent originates from photon-assisted phase-incoherent tunneling of pairs, rather than the more conventional
phase-coherent tunneling of pairs that yields Shapiro steps.
PACS numbers: 74.55.+v,74.50.+r,78.70.Gq
I. INTRODUCTION
The use of superconducting (SC) tips, instead of
normal-metal tips, in scanning tunneling microscopy
(STM) allows for enhanced spectroscopic resolution due
to the singularity in the density of states at the SC
gap edge1–3. In addition, the ability of a SC tip to
probe the pair condensate in a SC sample on the atomic
scale has inspired recent interest in Josephson STMs4–7.
However, pioneering work at 2.1 K with SC tips and
samples8 has revealed a resistive zero-bias conductance
peak (ZBCP), rather than a true phase-coherent Joseph-
son supercurrent9, due to classical phase diffusion that
is governed by the physics of ultra-small Josephson junc-
tions (small capacitance and small critical current)10,11.
In this paper, we present phase-incoherent Cooper pair
tunneling data obtained at millikelvin temperatures in
a superconducting Nb-Nb STM junction. Although the
tunneling is phase incoherent, we show that the charge of
the carriers of 2e can be unambiguously determined by
applying microwaves to produce photon-assisted tunnel-
ing. Since the tunneling current arises from an atomic
scale region, in principle the technique allows the dis-
crimination of normal regions in highly inhomogeneous
SC samples12–14, the unambiguous detection of small SC
regions in otherwise normal metal samples, and the in-
dependent determination of the supercurrent fraction of
a localized zero bias conductance peak or other features
that occur in tunneling spectroscopy.
a)Currently: Intel Corp., Hillsboro, Oregon
II. THEORETICAL CONSIDERATIONS
Photon-assisted quasiparticle tunneling has been stud-
ied extensively in thin-film superconductor-insulator-
superconductor (S-I-S) tunnel junctions and single elec-
tron transistors15–21. In a junction driven by microwaves
of frequency ω, the time-averaged (dc) quasiparticle cur-
rent through the junction is given by22
Iqp(V0, Vµ) =
∞∑
l=−∞
J2l
(
eVµ
h¯ω
)
Iqp
(
V0 −
lh¯ω
e
)
, (1)
where Vµ is the amplitude of the applied microwaves
seen by the junction, V0 is the dc bias voltage across
the junction, Jl is the l
th Bessel function, and Iqp(V ) is
the quasiparticle current when no microwave voltage is
applied. In contrast, the phase-incoherent, time-averaged
Cooper pair current through an ultra-small junction that
is driven by microwaves at frequency ω is given by22
Is(V0, Vµ) =
∞∑
l=−∞
J2l
(
2eVµ
h¯ω
)
Is
(
V0 −
lh¯ω
2e
)
, (2)
where Is(V ) is the phase-incoherent Cooper pair current
in the absence of microwaves, and Vµ, V0 and Jl have the
same meaning as in the quasiparticle case.
Phase-incoherent pair tunneling requires an ultra-
small SC junction, subject to fluctuations that destroy
phase coherence23. This limit is easily obtained in an
STM junction because of the typically small junction ca-
pacitance C < 1 fF and critical current Ic < 1 nA. In
contrast, the much larger critical current (µA) and capac-
itance (pF) of typical macroscopic Josephson junctions
produces phase-coherent tunneling and inhibits phase-
incoherent tunneling of Cooper pairs.
2FIG. 1. Simulated splitting of a single Gaussian zero-bias
conductance peak (gray) due to microwaves when the charge
carriers are Cooper-pairs (red) or quasiparticles (blue). The
microwave frequency and amplitude were ω/2pi = 5.6 GHz
(h¯ω/e ≈ 23 µeV) and Vµ = 200 µV for both plots. The
width of the peak was chosen as 12.5 µV (a) and 25 µV (b),
respectively. The height of each ZBCP is scaled by a factor
of 1/5 to fit in the same plot.
Microwaves incident on a phase coherent junction pro-
duce Shapiro steps due to synchronization of phase os-
cillations with the incident microwaves24. For a voltage-
biased macroscopic junction with critical current Ic the
time-dependent supercurrent is given by23
Is(V0, t) =
∞∑
l=−∞
(−1)lJl
(
2eVµ
h¯ω
)
Ic
· sin
[
γ0 +
(
2eV0
h¯
− lω
)
t
]
. (3)
Note that when 2eV0 = lh¯ω, the time dependence disap-
pears, leaving dc-supercurrent Shapiro steps with ampli-
tude 2Jl
(
2eVµ
h¯ω
)
Ic. While Eq. (3) is superficially similar
to Eq. (2), the differences are significant [for example, Jl
vs. J2l and Ic vs. Is
(
V0 − l
h¯ω
2e
)
], making it possible to
experimentally distinguish phase coherent and incoher-
ent tunneling.
In practice we measure the dc conductance
G(V0, Vµ) = dI/dV0 and obtain from Eq. (2) for
example
Gs(V0, Vµ) =
∞∑
l=−∞
J2l
(
2eVµ
h¯ω
)
Gs
(
V0 −
lh¯ω
2e
, 0
)
(4a)
When Eq. (1) is used as a starting point we obtain
Gqp(V0, Vµ) =
∞∑
l=−∞
J2l
(
eVµ
h¯ω
)
Gqp
(
V0 −
lh¯ω
e
, 0
)
(4b)
In Eqs. (4a) and (4b), the sum over l may be interpreted
as microwaves causing an energy level ǫ to split into levels
ǫ ± lh¯ω, corresponding to the absorption or emission of
l photons of frequency ω. The equations also imply that
a slowly-varying G(V0, 0) vs. V0 curve will exhibit little
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FIG. 2. (a) Photograph of the STM with two Nb tips and
a Nb(100) sample. (b) Simplified schematic of experimental
set up25. Vac is the amplitude of the applied microwaves at
the source, I is the tunnel current output, V0 is the dc bias
voltage, and Vref is a 1.973 kHz sinusoidal reference from the
lock-in amplifier. The coupling of the microwaves to the STM
tip is represented as an antenna.
change in appearance due to microwave radiation. On
the other hand, a G(V0, 0) vs. V0 characteristic with
features that are sharp compared to h¯ω/ne will respond
under microwave radiation by developing features shifted
by h¯ω/ne along the voltage axis, where ne is the charge
of the carriers. Thus, for tunneling Cooper pairs, a sharp
feature in the G(V0, 0) curve will be shifted in voltage by
increments of h¯ω/2e when microwaves are applied, or by
twice this spacing in the quasiparticle case.
It should be pointed out that the range ±V0 for which
the junction responds to microwaves is not a function of
carrier charge or frequency but rather is approximately
equal to the microwave amplitude. It is therefore nec-
essary to resolve the fine structure to distinguish the
charge. Figure 1(a) shows a simulation of splitting a
sharp ZBCP. Here the 12.5 µV peak width is half of
the microwave induced energy level spacing for quasi-
particles. The difference between pair tunneling (red)
and quasiparticle tunneling (blue) is clearly visible. Fig-
ure 1(b) shows a borderline case where the width of the
ZBCP is comparable to the quasiparticle levels. In (b)
a presumed Cooper-pair current would no longer show
a clear split-peak structure while the quasiparticle cur-
rent still does. A slight increase in peak width would
wipe out this structure making the cases virtually indis-
tinguishable. A sharp peak and a high energy resolution
compared to the microwave frequency are thus necessary
to distinguish the carrier charge. In addition, by fitting
to the weighted sum of the supercurrent and quasiparticle
current, i.e.:
G(V0, Vµ) = aqpGqp(V0, Vµ) + ascGsc(V0, Vµ) (5)
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FIG. 3. (a) Typical topography of the Nb(100) surface using
a Nb tip at 30 mK. The image size is 25 × 25 nm2 with a
corrugation of 6 nm and an rms roughness of 0.98 nm. (b)
I(V) and (c) dI/dV data, respectively, showing the full SIS
gap (arrows, ∆SIS = 2.08 meV) at a junction resistance of
RJ = 16.7 MΩ. Curves (d) and (e) show I(V) and dI/dV
data, respectively, of the fine sub-gap structure. Here the
arrows mark the position of the smaller of the two gaps, most
likely the tip gap, of ∆Tip = 0.61 meV at RJ = 10.0 MΩ
implying ∆Sample = 1.47 meV. The yellow circle in (a) marks
the region where the spectroscopic data were acquired.
it is possible to determine the quasiparticle and super-
current fractions when both carriers are present. In sim-
ulations we have found that fractions as low as 0.01 %
can easily be discerned. In practice, the noise level of
the data determines the detection limit. For all the data
shown in this paper the quasiparticle current fraction is
below the detection limit of ≈ 2%.
Fortuitously, sharp features are expected in ultra-
small S-I-S junctions if the junction is connected to bias
leads that have transmission line resonances or other mi-
crowave resonances. When resonances exist, theory pre-
dicts the probability P (E) for energy E to be transferred
from the tunneling charges to the circuit26,27, leading to
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FIG. 4. Normalized measured conductance G/Grms versus
dc bias voltage V0 taken at 30 mK with the inner Nb-Nb
STM junction under irradiation by 5.6 GHz microwaves. The
amplitude of the applied voltage Vac varies from 0 V (blue)
to 3.0 V (red) in steps of 25 mV. Successive curves are off-
set by 0.025 on the y-axis. Vertical gray lines are spaced
h¯ω/2e = 11.6 µV apart and coincide with emerging peaks in
conductance, indicating that the charge of the carriers is 2e.
Grms is the rms deviation of G of each trace.
conductance peaks. To achieve the energy resolution nec-
essary to observe these fine-scaled features and the re-
sponse to microwaves, we cool the STM28 to 30 mK.
III. EXPERIMENTAL SETUP
Figure 2 shows a photograph of our STM and a sim-
plified schematic of our measurement set up. The STM
has two independent tips (“inner” and “outer”) and
is mounted on a custom Oxford Instruments dilution
refrigerator28. Both tips were cleaned by high voltage
field emission on a gold single crystal at low temper-
atures before changing to the Nb sample. Microwave
power29 was transmitted indirectly to the STM tips via
a dc thermometer line. A lock-in amplifier30 was used to
measure the conductance (G = dI/dV0) as a function of
the dc bias V0. The bulk Nb (100) sample was prepared
by heating it to 600◦ C in ultra-high vacuum for 10-12
hours at a time, while sputtering it with 2 keV Ar+ ions
for 9 consecutive days. Once residual polishing grains
had been removed, the sample was sputtered with 1 keV
Ar+ ions at a temperature of 600 ◦C for 2-3 hours before
transferring it to the STM without breaking vacuum28.
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FIG. 5. (a) False color plot of data in Fig. 4 showing measured
conductance G/Grms versus dc bias voltage V0 and applied
microwave amplitude Vac at a frequency of f = 5.6 GHz. (b)
Simulated false color plot assuming charge carriers are Cooper
pairs. The measured conductance curve in the absence of mi-
crowaves and Eq. (4a) were used to generate each successive
curve, with Aµ = Vµ/Vac ≈ 6.5 × 10
−5. (c) Simulated false
color plot assuming the charge carriers are quasiparticles with
charge e. The measured conductance curve in the absence of
microwaves and the equivalent of Eq. (1) were used to gener-
ate each successive curve with Aµ = 6.5× 10
−5.
A topographic image of the resulting surface is shown
in Fig. 3(a). Since the maximum heating temperature
was relatively low, the sample does not show a clear
mono-atomic step structure as one would expect from
a single crystal. However, we found small flat areas (yel-
low circle in Fig. 3(a)) to conduct spectroscopic measure-
ments. Figures 3(b) and (c) show the SIS gap in I(V )
as well as dI/dV spectroscopy. The sub-gap structure
is only visible at smaller tip-sample separation as shown
in Figures 3(d) and (e). Fig. 3(b) and (c) allowed mea-
surement of ∆SIS = ∆Tip + ∆Sample, while 3(c) and (d)
give the smaller of the tip and sample superconducting
gap. Typically31 we expect the tip to have the smaller
gap. Hence, from ∆SIS = 2.08 meV and ∆Tip = 0.61
meV, we find ∆Sample = 1.47 meV. Similar characteri-
zations were performed prior to each microwave power
dependent series presented in this paper.
IV. MEASUREMENT AND DISCUSSION
Figure 4 shows a series of conductance G(V0) curves
taken with the inner STM tip at the position marked in
Fig. 3(a) with applied microwaves of frequency ω/2π =
f = 5.6 GHz. Starting with zero microwave power,
each successive curve was measured at a fixed microwave
source amplitude (Vac) that was increased in steps of
25 mV from 0 to 3 V. The bottom curve (Vac = 0 V)
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FIG. 6. Measured conductance G/Grms versus dc bias voltage
V0 taken at 30 mK with the inner tip Nb-Nb STM junction
under irradiation of f = 8.5 GHz microwaves. The amplitude
of the applied microwaves Vac is varied from 0 V (blue) to
4.0 V (red) in steps of 0.1 V. Successive curves are offset by
0.1 on the y-axis. Vertical gray lines are spaced h¯ω/2e = 17
µeV apart. They coincide with high peaks in conductance,
indicating that the charge of the carriers is 2e.
shows a distinct conduction peak at zero bias, as ex-
pected, due to phase diffusion23. The weaker side struc-
tures are due to coupling to microwave modes in the en-
vironment and can – in principle – be described by P (E)
theory27. As the microwave amplitude increased, addi-
tional peaks appeared in the conductance curve. The
position of those peaks coincide with the vertical gray
lines spaced h¯ω/2e = 11.6 µeV apart (see Fig. 4). For
each conductance curve of N points, we normalized by the
standard deviation Grms =
√
1/(N − 1)
∑N
n=1(Gn −G)
2
of that curve to compensate for variations between curves
due to the systematic decline in feature size for higher
microwave amplitudes.
Figure 5(a) shows a false-color plot of the data dis-
played in Fig. 4, while Fig. 5(b) shows for comparison
the expected response for phase-incoherent pair tunnel-
ing based on Eq. (4a). To generate Fig. 5(b), we used
the first line of conductance data, measured in the ab-
sence of microwaves, and generated each successive line
of non-zero microwave amplitude by applying Eq. (4a).
Each simulated curve was divided by its standard devi-
ation Grms to allow direct comparison with the data in
Fig. 5(a). We note that the only fitting parameter was
an overall scale factor Aµ ≡ Vµ/Vac: the ratio of the am-
plitude of the applied voltage across the junction Vµ to
5 0
 4
V
ac
 (
V
)
(a)
 0
 4
-160 -80  0  80  160
V
ac
 (
V
)
V0 (µV)
(b)
-4.1
0
7.0
G
/G
rm
s
-150 -100 -50 0 50 100 150
-4
-2
0
2
4
6
(c)
G
/G
rm
s
V
0
(µV)
-150 -100 -50 0 50 100 150
-4
-2
0
2
4
6
(d)
G
/G
rm
s
V
0
(µV)
-150 -100 -50 0 50 100 150
-4
-2
0
2
4
6
G
/G
rm
s
V
0
(µV)
(e)
FIG. 7. (a) False color plot of Fig. 6 showing measured
conductance G/Grms versus dc bias voltage V0 and applied
microwave amplitude Vac for a microwave frequency of f =
8.5 GHz. (b) Simulated false color plot for phase-incoherent
pair tunneling generated using the measured conductance
curve in the absence of microwaves and Eq. (4a) to gener-
ate each successive curve with Aµ = Vµ/Vac ≈ 3.5×10
−5. (c)
Orange curve shows G/Grms at Vac = 0.9 V, and black shows
corresponding simulated curve from (b). (d) Red curve shows
data at Vac = 2.0 V, black shows corresponding simulated
curve from (b). (e) Purple curve shows data at Vac = 3.5
V, and black curve is the corresponding simulated curve from
(b).
the amplitude Vac at the source. For Fig. 5(b), we set
Aµ = 6.5× 10
−5.
We see excellent agreement between Fig. 5(b) and Fig.
5(a), indicating that the current is due to phase incoher-
ent tunneling of pairs. In particular, the charge carriers
are Cooper pairs because the voltage spacing between the
split conductance peaks is h¯ω/2e. The P (E) structures
at V0 ≈ ±30 µV and V0 ≈ ±80 µV split in similar fash-
ion and are thus also due to Cooper pairs. In contrast,
Fig. 5(c) shows the corresponding simulation assuming
the charge carriers are quasiparticles with charge e. The
voltage spacing in Fig. 5(c) is twice that for Cooper pairs,
and disagrees strongly with the data.
We also measured the inner STM junction’s response
to f = 8.5 GHz microwaves at a different location on
the sample (∆Tip = 0.625 meV, ∆Sample = 1.51 meV).
Since the spacing between the peaks should scale with
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FIG. 8. (a) False color plot of measured conductance G/Grms
versus dc bias voltage V0 and applied microwave amplitude
Vac. Data were taken at 30 mK with outer STM tip. The mi-
crowave frequency was f = 8.5 GHz. Each horizontal line cor-
responds to a conductance curve with yellow representing the
positive peaks and dark blue representing the negative dips.
(b) Simulation of false color plot for phase-incoherent pair
tunneling generated using the measured conductance curve
in the absence of microwaves and Eq. (4a) to generate each
successive curve with Aµ = Vµ/Vac ≈ 2.9× 10
−5 . (c)-(e) Line
cuts similar to Fig. 7 showing data (color) and simulation
(black) at Vac = 1.3 V, 2.1 V, and 3.9 V, respectively.
frequency, they should be easier to resolve provided suffi-
cient power reaches the junction. Figure 6 shows a series
of normalized conductance curves measured as the ap-
plied microwave amplitude was increased from 0 V to 4.0
V. The gray lines spaced by h¯ω/2e = 17 µeV once again
coincide with the measured peaks. The corresponding
false color map is shown in Fig. 7(a), and the simulated
false color map based on the curve measured at zero mi-
crowave power and Eq. (4a) for pair tunneling is shown
in Fig. 7(b). Figures 7(c), (d) and (e) show line sections
through the data marked by the orange, red and purple
lines in Fig. 7(a), and the corresponding simulated curves
from Fig. 7(b). The quantitative agreement is very good,
consistent with the peaks being due to phase incoherent
tunneling of pairs and inconsistent with quasiparticles or
Shapiro steps that would arise from phase coherent tun-
neling of pairs.
To rule out the possibility of this being a junction-
6specific phenomenon, the outer Nb tip in our dual-tip
STM was used to confirm the results. Here the tip and
sample gap were ∆Tip = 1.35 meV and ∆Sample = 1.37
meV, respectively. Figure 8(a) shows conductance mea-
surements with the outer STM tip with f = 8.5 GHz mi-
crowave radiation. Close comparison of Figs. 7(a) (inner
tip) and 8(a) (outer tip) reveal small differences. Since
each tip of our STM had its own set of current and piezo
leads, the resonant microwave frequencies associated with
each circuit are different, leading to small differences in
the Vac = 0 V conductance curve. Nevertheless, we again
find very good agreement between the data and Eq. (4a)
[see Fig. 8 (a)-(e)].
V. CONCLUSION
Sub-gap conductance features occur in voltage-biased
SC STM junctions due to resonances in the junctions’
electromagnetic environment. When microwave radia-
tion is applied, the features evolve as the microwave
voltage is increased. In our ultra-low temperature sys-
tem, these features are due to phase incoherent tunnel-
ing of Cooper pairs; phase coherent tunneling of Cooper
pairs is not consistent with the data. Theoretical fits to
the highly-resolved tunneling spectra allow us to exclude
quasiparticle contributions to the tunneling current. In
principle a quasiparticle fraction of 2% or larger could be
detected.
Photon assisted tunneling with a JSTM allows the
atomic scale25,31 identification of the charge of carriers
that produce any sharp voltage dependent features in
conductance data. This technique could be implemented
in other mK-STM systems with the ‘simple’ addition of
a microwave drive and the use of superconducting tips.
While traditional STMs that rely on quasiparticle tun-
neling provide excellent spatial maps of various materi-
als, they are insensitive to the origin of gap states. Our
Josephson STM provides similar spatial maps of mate-
rials but additionally discerns the superconducting from
quasiparticle currents.
There are several potential applications of a Josephson
STM in a microwave field. It could aid in the discovery
of new superconductors, as well as improve understand-
ing of the behavior of superconductors near atomic scale
perturbations. Vortex cores, small normal regions, or
the effects of single magnetic spins could be probed by
mapping out the quasiparticle and Cooper pairs contri-
butions to the current at the boundary of normal and
SC regions of the samples. In addition, pseudogap states
or other competing orders can be distinguished from su-
perconductivity in spatially inhomogeneous highly cor-
related electron systems. Furthermore, this technique
could be used to discern whether the zero-bias conduc-
tance peak in a topological superconductor arises from
superconductivity or something more exotic such as the
Majorana fermion32. Finally, the measurement technique
may also provide a way to attain position-dependent
measurements of local resonant absorption peaks, of in-
terest when studying the effects of adsorbed molecules or
resonant two-level systems33–35 in quantum computing
applications.
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